and Cyanophyta (chl a, phycobilins), respectively. The FP estimates are made by linear unmixing, i.e., by 30 solving linear equations to obtain group-specific concentrations from the observed fluorescence excitation 31 spectrum and group-specific norm spectra (Beutler et al. 2002) . Alternative statistical approaches for 32 estimating group-specific concentrations from spectral data also exist (MacIntyre et al. 2010; Neveux et 33 al. 2011 ). The default norm spectra for each FP unit provided by the manufacturer are determined by 34 measuring fluorescence excitation spectra of laboratory cultures (of known chl a concentration) of 35 phytoplankton species representative of the major pigment groups (Beutler et al. 2002) . 36
Despite increasingly-common use, assessments of FP performance under field conditions have noted 37 inaccuracy in chl a determination (Ghadouani and Smith 2005; Gregor and Maršálek 2004) , and 38 misclassification of phytoplankton taxa (Catherine et al. 2012) . The linear unmixing approach, as 39 described above, has a number of limitations (reviewed by MacIntyre et al. 2010) . In contrast to lab 40 cultures, the irradiance and nutrient conditions experienced by phytoplankton in nature are dynamic, with 41 effects on both light absorption and fluorescence. The fluorescence yield of chl a is not constant in situ 42 but declines at high light due to non-photochemical (photoprotective) quenching (NPQ) of absorbed 43 excitation energy (Falkowski and Raven 2007) . Changes in nutrient availability and irradiance 44 (photoacclimation, nonphotochemical quenching) influence the pigmentation and optical properties 45 of PCA. For use in the NMDS analysis, the (binned) fluorescence data for each date-site-depth were 121 normalized by dividing the value for each excitation wavelength by the average value for all 6 excitation 122 wavelengths. NMDS was performed on the Bray-Curtis dissimilarity matrix to produce a 2-dimensional 123 ordination of the fluorescence data. To aid in identifying the termini of the ordination, which identify 124 samples that represent base spectra (Alexander et al. 2012) , k-means clustering (a common agglomerative 125 clustering technique based on Euclidean distance) was used to assign the points to 100 groups. Terminal 126 clusters of the ordination were then chosen based on visual inspection. 127
Calculation of new norm spectra from base spectra to improve predictions by linear unmixing 128
New norm spectra were calculated from base spectra via several steps (Fig. 2) . The raw fluorescence 129 excitation spectra for the date-site-depths comprising two of the termini of the NMDS plot were averaged, 130 then corrected by subtracting the fluorescence signal of deionized water. The resultant spectra were 131 assumed to correspond to phytoplankton groups based on visual inspection of their shapes and knowledge 132 of the default phytoplankton norm spectra; these were corrected for dissolved fluorescence by subtracting 133 the CDOM contribution (putative CDOM excitation spectrum × DOC concentration) to the total 134 fluorescence. The putative CDOM spectrum was obtained from the terminus of the NMDS 135 corresponding to data from hypolimnetic waters characterized by relatively high CDOM and no FP chl a 136 (based on the default spectra). The only date-site-depth (9 Jul 2007-site 688-11 m) of its cluster for which 137 DOC concentration had been determined (only a limited number of hypolimnetic grab samples were 138 obtained for water chemistry analysis) was used to produce a fluorescence excitation spectrum for 1 mg/L 139 DOC (after subtracting the fluorescence signal of deionized water). The putative phytoplankton spectra 140 were normalized to the respective (extracted, epilimnetic) chl a concentrations to obtain excitation spectra 141 for 1 µg/L chl a of each pigment group. CDOM and group specific FP chl a concentrations were then re-142 calculated for the entire dataset using these new spectra, as described above (Eq. 1). Both the default and 143 new norm spectra were tested for linear independence using multiple regression analysis; the spectra wereD r a f t considered to be linearly independent if no one spectrum could be significantly (p < 0.05) expressed as a 145 weighted combination of the others. 146
Assessment of accuracy of default vs. revised norm spectra 147
Simple linear regression analysis was applied to the 88 date-sites for which paired FP and water quality 148 data were obtained (see Field sampling) to quantify the proportion of variation in DOC and chl a that 149 could be explained by FP-based estimates of CDOM and total FP chl a. The accuracy of taxonomic 150 discrimination was quantified as the root-mean-squared-error (RMSE) of prediction for each 151 phytoplankton group. 152
RESULTS

153
Water Clarity and Chemistry 154 TP, DOC, and chl a generally increased (Fig. 3) with distance from the mouth of the bay (Fig. 1) . 155
Likewise, water clarity was higher at sites 686 and 689 than at 687 and 688 (Fig. 3) . 156
Phytoplankton Biomass and Taxonomy 157
The total and group-specific phytoplankton biomass (wet weight) varied among date-sites by more than 158 an order of magnitude (Table 2 ). Chromophytes and cyanobacteria were most prominent, comprising up 159 to 95% and 89% of the total biomass, respectively, at times, whereas chlorophytes and cryptophytes 160 generally made a minor contribution to the biomass ( Table 2 ). The (identified) taxa that most commonly 161 dominated or codominated the phytoplankton biomass (Table 3) were the cyanobacterial genus Anabaena 162 (29 times), the dinoflagellate genus Peridinium (8 times), and the diatom genera Aulacoseira and 163
Tabellaria (4 times each). 164
Ordination of Fluorescence Excitation Spectra
The NMDS plot (2-D stress = 0.032) revealed 3 main spectral gradients and associated termini (Fig. 4) . 166
The FP data comprising terminus 1 (11, 25 Jul 2006 , 9 Jul 2007 site 688; 10-12.5 RMSE of prediction for percent composition using the new and default spectra, respectively, was 13% vs. 204 17% for chromophytes, 6% vs. 20% for cryptophytes, no change (8%) for chlorophytes, and 12% vs. 11% 205 D r a f t spectra from which we made revised estimates of DOC and phytoplankton group-specific chl a. Overall, 214 these estimates showed improved agreement with traditional measures of phytoplankton biomass 215 (extracted chl a) and taxonomy (microscopy), with some exceptions, despite the apparent base spectra not 216 solely comprising pure phytoplankton pigment groups (see Prediction of Phytoplankton Taxonomy). 217
FluoroProbe vs. Extracted Chlorophyll a 218
Use of the default spectra gave strong correlations between chl a and FP chl a, but the magnitude of chl a before 10:00 h or after 16:00 h, when NPQ would be expected to be minimal. Even during periods of 225 high insolation, NPQ would not be expected at depth in Sturgeon Bay due to the relatively low water 226 clarity (Fig. 3) . Furthermore, work with cultures has shown that the chl a concentration of different taxa 227 within the same pigment group can be strongly either over-or under-estimated using the same instrument 228 and norm spectra under laboratory conditions (Escoffier et al. 2015; Kring et al. 2011) , which may reflect 229 differences between the chl a-specific fluorescence yields of the taxa used for calibration by the 230 manufacturer and those under study. Whatever the underlying cause, use of the new norm spectra 231 resolved this issue within our dataset. We note that if only total chl a is of interest then correction factors 232 could be obtained more easily from linear regression of FP chl a vs. chl a (provided that a strong linear 233 correlation between chl a and the FP chl a exists for the phytoplankton community of interest) without the 234 need to calculate revised norm spectra from field data.
D r a f t
There are a number of factors that could explain the more accurate correspondence between group-237 specific FP chl a and group-specific phytoplankton biomass we observed when using the field data-238 derived norm spectra in place of the default norm spectra for chromophytes, cyanobacteria, and CDOM. 239
If linear unmixing is to be successfully employed, norm spectra must be (1) linearly independent, (2) 240 determined with sufficient accuracy, and (3) of invariable shape (Beutler et al. 2002) . The first condition 241 can be validated arithmetically for a given set of norm spectra (Beutler et al. 2002; Escoffier et al. 2015 ) 242 as was done for the default and new spectra used in this study. Given that the default norm spectra were 243 in fact linearly independent, one possible explanation for the improvement we observed is that criterion 2 244 was not met, i.e., that the FP used in our study was not accurately calibrated by the manufacturer. We 245 have no reason to suspect that this is the case, nor can we directly test such a suspicion, but the results of 246 an inter-instrument comparison (Twiss 2011) suggest that the quality of calibration may vary among FPs. 247
What is known with certainty is that condition 3 is not valid. The chl a:fluorescence ratio of 248 phytoplankton is not constant, but varies between species within a pigment-group, and with irradiance 249 conditions (NPQ, photoacclimation), nutrient status, and cell size; these factors are given comprehensive 250 consideration by MacIntyre et al. (2010) . Recently, Escoffier et al. (2015) found the effects of both 251 nitrogen (N) availability (i.e., N-replete vs. N-depleted media) and recent light exposure on the accuracy 252 of the FP to be species-specific for a number of laboratory cultures of freshwater phytoplankton. With 253 respect to inter-specific differences in excitation spectra, Beutler et al. (2002) explicitly stated that 'a 254 determination of norm curves with algae obtained from the actual place of interest is required for high-255 precision determinations.' Given that isolating and culturing representative species to obtain site-or 256 system-specific norm spectra is not practical, except perhaps for where a single species completely 257
dominates the biomass of a pigment group (e.g., Houliez et al. 2012) , the ordination approach may 258 represent a more viable alternative. 259
Use of the revised norm spectra led to an overall improvement in the predictive accuracy of the FP, but in 260 general the instrument continued to underestimate the contribution of chromophytes and overestimate theD r a f t contribution of cryptophytes (though by less than with the default norm spectra), and considerable scatter 262 remained in the relationships between group-specific FP chl a and group-specific phytoplankton biomass. 263
A number of factors likely contributed to the remaining error. First, only 3 of 5 norm spectra were 264 revised, as neither cryptophytes nor chlorophytes ever dominated the community biomass. Second, the 265 NMDS termini fluorescence data used to calculate the new norm spectra were partially representative of 266 phytoplankton pigment groups other than those that the new spectra were used to estimate (i.e., the date-267 site-depths corresponding to the phytoplankton base spectra data were only 73% cyanobacteria and 81% 268 chromophytes by biomass; see Results, and General Applicability of the Ordination Method). Third, the 269 error around microscope estimates of phytoplankton biomass is typically ±10−20%, reflecting 270 misidentification, subsampling and counting error, and biovolume calculations, and estimates based on 271 microscopy do not include picoplankton. Direct observations of autotrophic picoplankton have not been 272 reported in our study area, but elsewhere in Lake Huron they have been reported to range from 0.5 to 50% 273
of phytoplankton biomass, averaging 10% (Fahnenstiel and Carrick 1992). Picoplankton in other 274
eutrophic areas of the Laurentian Great Lakes (e.g., Bay of Quinte, Lake Erie) typically comprise <6% of 275 D r a f t Hargreaves 1997) . Using the default spectrum, the FP generates CDOM estimates in relative units. Here, 287
we derived a new norm spectrum with the intention of predicting DOC concentration in absolute units 288 (i.e., mg/L). However, upon application of this revised spectrum, we underestimated DOC concentration 289 by ~2 mg/L. This is likely because the hypolimnetic DOC from which the new norm spectrum was 290 obtained was of a more chromophoric nature than the epilimnetic DOC, due to being less photobleached 291 (i.e., the intercept of 1.90 mg/L (Fig. 6 ) likely represents the concentration of colorless DOC in the total 292 DOC pool, for which fluorescence emission, and therefore CDOM, is zero). This inference is consistent 293 with the study of Twiss (2011) who recommended the use of stratum-specific CDOM norm spectra for 294 the FP, based on vertical differences in CDOM observed in the Laurentian Great Lakes. The applicability 295 of a CDOM norm spectrum obtained from a single date/site (especially if obtained from hypolimnetic 296 waters) to a broader spatial or temporal scale may represent an improvement on the FP's default CDOM 297 spectrum, but due to the potential for considerable spatial variation in the optical properties (spectral 298 absorption) of DOC within a single system (Smith et al. 2004) , it is still likely to be of rather limited 299 utility. Furthermore, the ordination approach used here cannot be applied to datasets for which dissolved 300 fluorescence was not measured in the absence of appreciable phytoplankton fluorescence in situ. That is, 301 data from a continuous subsurface water intake on survey cruises, or from vertical profiles during periods 302 of complete water column mixing will not include hypolimnetic data from which to isolate a CDOM 303 D r a f t gradients in phytoplankton community composition observed in Sturgeon Bay, the base spectra identified 312 by NMDS were of partly mixed composition. This underscores the inherent limitation of this approach: 313 it is not possible to isolate 'pure' spectral signatures (Alexander et al. 2012 ) from within a dataset that 314 does not include them. Furthermore, the groups dominant in both Sturgeon Bay (this study) and Lake 315 Victoria (Alexander and Imberger, 2013) were chromophytes and cyanobacteria, the fluorescence 316 excitation spectra of which differ markedly in shape, at least when the cyanobacteria are dominated by 317 phycocyanin-rich genera, as they were in Sturgeon Bay. Phycoerythrin-rich picocyanobacteria typically 318 constitute less than 20% of the total picocyanobacterial biomass in eutrophic embayments of the 319 Laurentian Great Lakes (S.B. Watson, unpublished data). Distinguishing chromophytes from 320 chlorophytes (both with high light absorption in the blue region of the spectrum due to chlorophylls) or 321 cyanobacteria from cryptophytes (both with high light absorption in the red region of the spectrum due to 322 phycobilins) via ordination could be more challenging, though chlorophyte and cryptophyte algae are 323 rarely dominant contributors to the phytoplankton biomass in most lakes (Watson et al. 1999; Kalff 324 2002) . Finally, we note that while both our study and that of Alexander et al. (2012) analyzed spectral 325 fluorescence data from the bbe FP, the same ordination approach could be more broadly applied (i.e., to 326 any type of spectral data). dividing by the acetone-extracted, epilimnetic chl a concentration that corresponds to the date-site from 553 which the base spectrum was isolated. This procedure was repeated for the data from each date-site-depth 554 of each terminus of the NMDS plot and the resultant spectra averaged to obtain the new norm spectra. 555 
